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Abstract 
A software environment designed with respect to fast analyses and ease-of-use, allows to speed up the development process using 
an automated comparison of experimental and numerical fatigue analysis. The automated process prevents errors, is significantly 
faster and allows the validation of the FEA result.  
To demonstrate the user benefit a battery mounting assembly in a passenger car was chosen. Using the software environment, 
differences between the numerical analysis and the test were evaluated. While a simple comparison of the fatigue analysis results 
suggested a good fit, the detailed report led to a reevaluation of the finite element model. 
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1. Introduction 
In recent years the requirements of the automotive industry concerning accuracy, reliability as well as the amount 
of numerical durability analyses have steadily increased. Critical locations in the vehicle structure have to be identified 
as early as possible. Therefore a holistic approach to compare calculations with tests is required, considering stiffness, 
local stresses and strains and, if applicable, modal properties. Bottlenecks in either test or numerical analysis can be 
detected by comparing results from test and simulation based on identical analysis conditions. 
Simply comparing results step by step is highly time-consuming and error-prone. In the design process a short 
creation time and standardized layout of the report is the key. Therefore the software environment has to be easy to 
use and the reports easy to understand. In order to compare results, the software environment has to obtain all necessary 
data from databases. This works fine for simulation data as simulation data management systems are state of the art in 
the automotive industry [1, 2]. The data is usually stored linked to a discipline, e.g. crash or structural durability, a 
vehicle, a version and so on. At BMW an adapted version of MSC SimManager [3, 4], called CAE-Bench2 is used for 
this purpose. 
For test data management in the automotive industry, Daimler, Audi and BMW are using an open source toolbox 
called OpenMDM that can handle the vast amounts of test data created. For the established comparison software 
environment a new database for the testing lab using OpenMDM was created and used. 
 
Nomenclature 
A Accelerometer 
ax Axial 
FEA Finite element analysis  
FFT  Fast Fourier transformation 
MS Mounting structure 
PSD Power spectral density 
SG Strain gauge 
SSD Suspension-strut dome 
 
  
 
Fig. 1. Process for starting a comparison 
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2.  Software Environment for Comparison 
Usually when comparing calculation and test data, the locations showing high fatigue damage values are compared 
in respect to the achieved fatigue life. Even though this is an important step, it should be the last step in a comparison 
as its results may be misleading. Therefore more facts have to be taken into account.  
In the automotive industry with its fast changing designs and sometimes tests of different versions running in 
parallel, it is important to include the exact definition of the tested part containing geometry, version and material 
information. Furthermore boundary conditions like clamping, loading and joints have to be defined because they play 
an important role in the structural durability. For instance they can add stiffness and pre-tension or fail themselves and 
therefore change the load path. Typical connection types are bolts, flow drill screws, welds and adhesive bonding.  
Another noteworthy point is the correct definition of the boundary conditions as they can change the result 
significantly. For instance, an additional support point in either simulation or test can change the loading path. 
In summary the following categories were chosen to be included in the comparison outlined above: 
x general data for considered part e.g. geometry, version 
x joints, e.g. welds, pre-tensioned bolts 
x materials  
x boundary conditions 
x loading 
Fig. 2. Basic concept for the comparison software environment. 
(a) Geometry with the attachment points marked red (b) Geometry with added stiffener plate (in dark blue) 
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x mounting structure (stiffness) 
x locations with high damage and / or sensors 
 While taking pictures of damaged locations in a test is standard practice, doing the same for FEA results can be 
difficult and is time-consuming. To help the developing engineers by creating comparable screenshots of the results, 
a hotspot detector was created [5]. It searches for a defined count of maxima or minima of a result value and captures 
screenshots of these locations. To ensure the visibility, obstructing parts are made invisible or transparent and the view 
is set nearly orthogonal to the hotspot. The pictures are saved in the simulation data management system together with 
the locations and result values. 
 
Fig. 3. Geometry of mounting structure 
(a) Mounting arm with welded bolt. (b) Base plate. 
Fig. 4. Pictures of the fatigue failure observed in the preliminary test. The welded bolt is pulled out of the base plate. 
Table 1. Position of measurement devices. 
Type ID left ID right Part Position 
SG 1 4 MS inside facing arm between beads 
SG 2+3 5+6 MS outside facing arm between beads 
SG - 7 SSD between stiffeners near the mounting 
SG 8 10 vehicle above the outer MS 
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With the graphical representation of the fatigue relevant locations derived by the numerical structural durability 
analysis and photos of damaged areas taken after the physical test, the user is able to generate a report. This process 
is shown in figure 1. At first a pair of simulations and tests that fit together has to be chosen, then the critical locations 
saved in the respective database must be matched. If corresponding locations exist in both the simulation and the test, 
the report can be created immediately. Otherwise information for the missing locations has to be gathered. While this 
is often not possible for the test, it is easy for the simulation side with the hotspot-detector. Generally, non-matching 
locations are a first indication for major differences between test and simulation. 
After matching the locations and gathering additional information in case of missing locations, a report will be 
created by the software environment. If the achieved fatigue life is the sole information from the test, the user can 
only check if the estimated fatigue life is close to the observed fatigue life in the test. Otherwise it is not possible to 
derive the reason for the mismatch, e.g. the fatigue analysis algorithm, materials data or the assumed boundary 
conditions, directly. To solve this challenge, critical locations in the software environment are not only defined in 
respect to fatigue life but also as locations for sensors like strain gauges, accelerometers or thermoelastic stress analysis 
cameras. These measurement devices allow validation of the FEA. Only if the stress or strain results of FEA and test 
match, the error lies in the durability calculation. 
The described process does not only work for comparing FEA and test but also for two different calculations or 
tests, for instance to compare different versions or test set-ups. As the databases for simulation data and testing results 
are not directly connected, a higher level software environment is used. At BMW the software AVL Concerto is used 
for this task. A new interface for the simulation data management system was implemented while the one for the test 
data was already available. The basic set-up is shown in figure 2. 
3. Example: Mounting Structure 
To demonstrate the outlined process, an assembly of a vehicle front structure designed in an early development 
phase was chosen as test object. With this assembly the battery is fixed to the vehicle. The set-up is shown in figure 
3a. A coordinate system is used with x pointing against the driving direction, y to the right and z upwards. 
SG 9 11 vehicle above and behind the outer MS 
SG - 12 vehicle on top of stiffener plate 
3ax-A 13+14+15 - MS bottom of mounting plate 
1ax-A 16 - vehicle in front of outer MS 
1ax-A 17 18 battery middle of battery top 
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 The assembly consists of two mounting arms connecting the battery holding plate to the vehicle structure in +y 
and -y direction. A third connection is placed directly at the battery holding plate in -x-direction. As the battery has a 
mass of about 16 kg and the connected vehicle structure consists of thin sheets, the structure is easily excited and is 
therefore prone to fatigue failure.  
 
(a) Loading PSD. 
(b) First 5s of the loading signal in z-direction. 
Fig. 5. Loading Signal Analysis. 
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To test such mounting structures the subassembly is excited on a shaker. In this test the front structure of the car 
was included. Even though it would be possible to excite all three coordinate directions simultaneously, typically one 
coordinate direction is excited after another. The signal is created on-the-fly out of a power spectral density plot (PSD) 
as a stochastic load. In this example the used PSD, shown in figure 5a, is created out of the acceleration signal at the 
nearby front subframe measured at a predecessor vehicle. Each axis is excited for 12 hours creating a loading which 
is assumed to be damage-equivalent to a full vehicle life. The generation of the loading signal is done according to 
DIN EN 60068-2-64:2009-04 [6], the first 5 seconds of the loading are displayed in figure 5b. 
Applying the loading, a failure occurred at one of the mounting arms of the assembly in a preliminary shaker test. 
Figure 4 shows the failure location. The welded bolt with an integrated spacer is torn out of the base plate at the vehicle 
side. It is required that the mounting structure endures the whole lifetime of the vehicle without exhibiting a technical 
crack. So FEA was used to improve the design. As the vehicle structure at the mounting point was quite flexible, 
warping under load was the consequence. Therefore the local mounting stiffness had to be increased which was 
achieved by adding a stiffener plate. The plate is connected with four spot welds as seen in figure 3b. A second test 
with the same service spectrum was performed. As the considered mounting is used on both sides of the vehicle, it 
was possible to examine the early design on the left side and the improved one on the right. As expected, the early 
design of the mounting structure failed after 12 hours of testing in z-direction. The test continued in y-direction and a 
spot weld failed 4.5 hours later. After that the earlier version on the left side was disassembled and the testing 
continued. In contrast no fatigue failure occurred in the improved structure on the right hand side of the front end 
during the complete test run lasting 36 hours. FEA improvement of the part had proved to be successful because the 
weak point was identified and eliminated. To validate the calculations of both versions of the mounting structure, 12 
strain gauges, 3 tri-axial and 3 uni-axial accelerometers were placed at the locations indicated in table 1. Most of the 
sensors were placed symmetrically in the vehicle in order to directly evaluate the differences in loading. Before starting 
the test the modal properties were identified using a sine sweep and a noise signal.  
After the tests were finished the comparison process presented in section 2 started. Differences became obvious 
already at the first check. While the FE model of the vehicle is cut along an y-z-plane directly behind the front window, 
(a) FFT for measured accelerations. (b) FFT for accelerations in z-direction. 
Fig. 6. FFT Analysis of the response signal. 
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the test structure was cut behind the fire wall between engine and the passenger bay. Also the excitation point in the 
FEA is placed at the center of gravity and rigidly connected to the cutting plane of the front end, the connection points 
of the suspension and the front rocker panel. In the test the excitation point is located under the vehicle attached via a 
stiff frame to the connection points of the suspension and the front rocker panel. As the different boundary conditions 
are sufficiently far away from the mounting structure, the local eigenmodes should be uninfluenced by this difference. 
Otherwise all model parameters were identical.  
Due to the modeling difference the comparison was started with a detailed look at the modal properties. Figure 6a 
shows the fast Fourier transformation (FFT) for the accelerometer signal obtained in the test at the bottom of the 
battery mounting. It shows clearly that the structure is mainly excited in z-direction. Comparing the FFT from the test 
to the one from the calculation in figure 6b, a difference in the main modal frequency is visible. The first 
eigenfrequency observed in the test amounts to ݂ǡǡͳ ൌ ͳʹǤͷ while the calculation results in ݂ǡ	ǡͳ ൌ ʹ͸Ǥʹ 
and ݂ǡ	ǡʹ ൌ ʹ͸Ǥͷ (right side). At both calculated eigenfrequencies the mounting structure is rotating around the 
y-axis provided by the inner and outer connection points to the vehicle structure. A second peak is visible at 
݂ǡǡ ൌ ͷ͸Ǥ͵, because the mounting frame was not as stiff as assumed in the calculation. At this frequency 
an excitation of the frame was observed in the test. 
In figure 7 the comparison of the fatigue lifes of the mounting structure based on the FE results is illustrated. Both 
versions show damage directly at the hole but the resulting fatigue life at this location is not trustworthy due to a 
neighboring rigid element which represents a welded connection. Additionally there is a large area above the 
connection in the early design with a low fatigue life that is similar to the observed damage in the test shown in figure 
4. Analyzing the early version of the mounting numerically, static failure was obtained. This result was too 
conservative compared to the test, which is showing 15% of the required fatigue life. Hence, the automated report 
proved to be able to highlight fatigue relevant areas as well as differences between numerical an experimental fatigue 
analyses. 
4. Conclusion 
The present paper describes how to simplify and enhance the process of comparing experimental and numerical 
fatigue analyses. Increased demand for accuracy and reliability of numerical durability analysis prompted such a 
process. Therefore a software environment is presented that can access the simulation and test data management 
systems. With the data of these databases a standardized report is created. This enables the definition of areas which 
will need further attention. A hotspot detector for FEA results is used to facilitate the data generation on the simulation 
side. The detector automatically creates screenshots of locations with a high damage value. This software environment 
(a) Early design – large areas with high damage (b) Improved design – small area with high damage. 
Fig. 7. Comparison of calculated fatigue life for both designs. 
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reduces the time for creating comparison reports dramatically from hours to minutes. Therefore it allows the validation 
of the numerical fatigue analysis and will increase the accuracy and reliability of future analyses. Eventually this will 
contribute to the weight optimization of parts. 
Using the process for a shaker test of a vehicle front structure, differences between simulation and test became 
obvious. Critical locations were highlighted by the means of FEA. The found differences, only visible upon closer 
examination, demonstrate the necessity for the outlined process. Often, like in the presented example, applying sensors 
to all testing objects is not feasible. Differences are maybe caused by variations in geometry, loading or boundary 
conditions which are highlighted in the report created by the software environment. Since comparing fatigue data is a 
daily business for a fatigue engineer, the time saving will add up considerably.  
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